reversed by NOS inhibition. We conclude that arterial vasoconstriction is impaired in young VVS patients, which is corrected by NOS inhibition. This suggests that both pre-and post-synaptic arterial vasoconstriction may be affected by NO.
AbstrAct
Objective Syncope is sudden transient loss of consciousness and postural tone with spontaneous recovery; the most common form is vasovagal syncope (VVS). We previously demonstrated impaired postsynaptic adrenergic responsiveness in young VVS patients was reversed by blocking nitric oxide synthase (NOS). We hypothesised that nitric oxide may account for reduced orthostatic tolerance in young recurrent VVS patients. Methods We recorded haemodynamics in supine VVS and healthy volunteers (aged 15-27 years), challenged with graded lower body negative pressure (LBNP) (−15, -30, −45 mm Hg each for 5 min, then −60 mm Hg for a maximum of 50 min) with and without NOS inhibitor N G -monomethyl-L-arginine acetate (L-NMMA). Saline plus phenylephrine (Saline+PE) was used as volume and pressor control for L-NMMA. results Controls endured 25.9±4.0 min of LBNP during Saline+PE compared with 11.6±1.4 min for fainters (p<0.001). After L-NMMA, control subjects endured 24.8±3.2 min compared with 22.6±1.6 min for fainters. Mean arterial pressure decreased more in VVS patients during LBNP with Saline+PE (p<0.001) which was reversed by L-NMMA; cardiac output decreased similarly in controls and VVS patients and was unaffected by L-NMMA. Total peripheral resistance increased for controls but decreased for VVS during Saline+PE (p<0.001) but was similar following L-NMMA. Splanchnic vascular resistance increased during LBNP in controls, but decreased in VVS patients following Saline+PE which L-NMMA restored. conclusions We conclude that arterial vasoconstriction is impaired in young VVS patients, which is corrected by NOS inhibition. The data suggest that both pre-and post-synaptic arterial vasoconstriction may be affected by nitric oxide.
IntrOductIOn
Syncope (fainting) is rapid transient loss of consciousness and postural tone due to cerebral hypoperfusion with spontaneous recovery. 1 Postural faint, denoted 'vasovagal syncope' (VVS), is the most common form of syncope in the young. 2 VVS is common and can be induced in otherwise healthy individuals at different thresholds of orthostatic stress. 3 During orthostasis caudal translocation of blood reduces central blood volume. 4 Venous return and cardiac output (CO) decrease. Baroreceptors detect a postural decrease in arterial and cardiopulmonary stretch, and maintain blood pressure (BP) by a compensatory increase in heart rate (HR), total peripheral resistance (TPR), elastic recoil of venous blood, and splanchnic venoconstriction. 5 This is the normal reflex response to orthostasis. 6 Most adults with VVS exhibit excessive pooling in the splanchnic circulation and lower extremities that contributes to increased central hypovolaemia, reduced CO and a sustained increase in TPR. [7] [8] [9] Younger adults and children follow a different course: TPR first increases during orthostasis but then progressively falls, producing a fall in BP without necessarily requiring reduced CO. [10] [11] [12] This is followed by hypotension-bradycardia. There is evidence for impaired arterial vasoconstriction in VVS in the young with particular impairment of the splanchnic regional vasculature. [13] [14] [15] VVS may have evolved as a defence against haemorrhagic blood loss. 16 17 Studies of haemorrhage in animals show reduced endogenous response to norepinephrine and reduced responsiveness to exogenous adrenergic vasoconstrictors which can be reversed by nitric oxide synthase (NOS) inhibition. 18 19 We recently investigated the dose response to infusion of the α-1 adrenergic agonist phenylephrine before and after NOS inhibition with N G -monomethyl-L-arginine, monoacetate salt (L-NMMA). 15 We found that splanchnic flow and resistance were poorly responsive to phenylephrine in VVS subjects compared with controls before L-NMMA, but were enhanced after L-NMMA.
We hypothesise that nitric oxide (NO) mediated effects may account for reduced orthostatic tolerance in young adult patients with recurrent VVS and can be reversed by NOS inhibition.
MethOds subjects
To test this hypothesis, we recruited 12 subjects with a history of recurrent fainting (eight female, 21.2±1.2 years) and 12 healthy non-fainting control subjects (eight female, 23.0±1.1 years), all in the age range of 15-27 years. The characteristics of the two groups are shown in table 1. There were no differences in age, weight and body mass index between the groups. Fainters were referred after experiencing at least three episodes of fainting within the last 12 months. The diagnosis of VVS was primarily based on clinical history. Diagnostic features encompassed predisposing situations, prodromal symptoms, physical signs and recovery symptoms. 20 Control subjects were recruited from healthy volunteers free of clinical illness, syncope 
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and orthostatic intolerance, using on-line advertisements on the New York Medical College network. This study was approved by the Institutional Review Board of New York Medical College. All subjects 18 years of age or older signed an informed consent; those younger than 18 assented to participate and their parent or legal guardian signed an informed consent.
Protocol
All patients and controls were instrumented on two separate days. On the first day they received intravenous administration of the NOS inhibitor L-NMMA dissolved in normal saline. On another day they received an equivolumic intravenous infusion of normal saline as a volume control. An amount of phenylephrine (PE), individualised for each subject, was added to the saline in order to produce BP and HR changes equivalent to the reflex changes caused by the infusion of the L-NMMA. This is referred to as Saline+PE. Subjects were blinded to infusions.
Due to constraints of performing experiments on human subjects, we undertook two studies in these subjects. The first of these studies has already been published. 15 In this earlier study, we constructed dose-response curves for phenylephrine with and without L-NMMA and showed impaired post-synaptic α-1 -adrenergic vasoconstriction in young adults with VVS which was corrected by NOS inhibition with L-NMMA. In the present study, we evaluated responses to increasing orthostatic tolerance imposed by lower body negative pressure. Thus, because baseline data and 'stressors' in each study were different, these two studies were, of course, different.
Instrumentation
Subjects arrived at our climate-controlled centre at 09:30 and were instructed about the tests and instrumentation. Following instrumentation, subjects remained supine for 30 min to acclimatise. Baseline data were acquired. Thereafter either L-NMMA or saline was given by infusion on different days. We placed paired electrodes using anatomic landmarks to estimate thoracic, splanchnic, pelvic and calf segmental blood volumes, blood flows and vascular resistance by impedance plethysmography. 8 Forearm blood flow was also measured by venous occlusion plethysmography every 5 min. 21 
L-NMMA infusion
VVS patients and control subjects received the non-isoform specific NOS inhibitor L-NMMA delivered as a 500 µg/kg/min intravenous loading dose for 15 min, followed by a 50 µg/kg/min maintenance infusion. In all subjects, a steady state for HR, BP, TPR and CO was reached during the maintenance L-NMMA infusion within 40 min.
Saline + phenylephrine infusion (Saline+PE)
On another day, separated by at least 2 days to allow for the elimination of L-NMMA (half-life ~60 min), VVS patients and control subjects received saline delivered to simulate the fluid volume and timing of a loading dose of L-NMMA. During this maintenance phase a low dose of phenylephrine was slowly titrated until HR and BP were similar to HR and BP in the same subject after loading L-NMMA, as previously described. 15 This dose of phenylephrine was maintained throughout the experiment. The phenylephrine dose never exceeded 0.2 µg/kg/min in any subject.
Lower body negative pressure (LBNP) protocol
After either L-NMMA or Saline+PE were infused and HR and BP stabilised, new post-L-NMMA (or post-Saline+PE) baseline haemodynamic data were acquired. Baseline haemodynamics were followed by sequential LBNP of −15, -30, and −45 mm Hg each for 5 min. Thereafter, LBNP was set to −60 mm Hg for a maximum of 50 min. At each level of LBNP we measured HR, BP, mean arterial pressure (MAP), ModelFlow CO, TPR, regional blood flows and blood volumes using beat-to-beat measurement modalities. Negative pressure applied to the chamber produces blood and fluid translocation from the chest and upper body to the lower body.
data analysis
During the experiments MAP was calculated as (systolic BP+2*diastolic BP)/3 and TPR was calculated as MAP/CO. The primary outcome variables were BP, HR, CO, TPR and time to stopping LBNP to measure the orthostatic intolerance threshold; secondary outcome variables were changes in splanchnic, pelvic and calf blood flows measured by impedance plethysmography. Thoracic (central) blood flow was measured as the CO. Paired t-tests compared the response to drug loading shown in table 1.
The LBNP data were analysed as two separate experiments (L-NMMA and Saline+PE), using repeated measures analysis of variance (RM-ANOVA). For each experiment, there was one between factor (GROUP, VVS patient vs control) and one within factor (PRESSURE, the applied LBNP). Within patients, outcomes were measured at baseline, −15, -30 and −45 mm Hg during Saline+PE, and at baseline, −15, -30, −45, and −60(1) mm Hg during L-NMMA, which constituted the repeated measures. The primary relationship of interest for both experiments was the GROUP by PRESSURE interaction, which describes how patients and controls differ in their response to the LBNP challenge under each experimental setting. For these analyses, we assumed a covariance structure of compound symmetry.
Reported p values reflect the interaction term using the Greenhouse-Geisser correction. Further, we assumed that, if there were a response to the LBNP challenge for either group, the response would increase or decrease linearly. Thus, our interest was in the difference in slopes between the study groups, rather than the group difference at any particular negative pressure level. As such, no post-hoc pairwise comparisons of groups at pressure specific pressure levels were conducted. Values are presented as mean±SEM. Statistical significance was set at p≤0.05. NCSS 2007 (NCSS, LCC, and Kaysville) statistical software was used for statistical analyses.
Additional detailed information regarding subjects, Instrumentation, LBNP, L-NMMA and data analysis can be found in the online Supplementary file Materials and Methods section. 
results baseline and post-drug data
These data are tabulated in table 2. There were no significant differences in systolic BP or diastolic BP between control and VVS groups, although control systolic pressures increased from baseline (p<0.05) after L-NMMA and Saline+PE. MAP was significantly increased for controls and VVS (p<0.01 for both). HR was not different for control and VVS at baseline and after loading, but was significantly reduced by L-NMMA (p<0.05) for both control and VVS compared with baseline. Neither respiratory rate nor end-tidal CO 2 (ETCO 2) (data not shown) were affected by either L-NMMA or Saline+PE in either group. CO was not reduced by L-NMMA for control and VVS compared with baseline, while TPR was increased by L-NMMA (p<0.05) compared with baseline for both control and VVS. There were no significant differences between L-NMMA and Saline+PE CO or TPR for either group. There was no effect of drugs on forearm blood flow. L-NMMA significantly reduced (p<0.05) splanchnic blood flow for both control and VVS.
duration of lbnP
Control subjects withstood the effects of LBNP for 25.9±4.0 min during Saline+PE experiments, while fainters lasted only 11.6±1.4 min (p<0.001). After loading with L-NMMA, control subjects withstood the effects of LBNP for 24.8±3.2 min, while fainters lasted 22.6±1.6 min which was increased compared with VVS subjects receiving Saline+PE (p<0.001).
MAP and hr responses to lbnP
MAP (top panels) and HR (lower panels) during imposition of increasing negative pressures with LBNP are shown in figure 1 . MAP decreased for all subjects during LBNP with Saline+PE (left panel) but decreased more in VVS patients compared with control subjects (p<0.001). In contrast, MAP decreased similarly during LBNP with L-NMMA (right panel). HR increased during LBNP, and was similar for both groups during Saline+PE. There was a trend towards higher HR in VVS as pressure decreased. HR increased similarly for both groups after L-NMMA. Thus, MAP during LBNP was decreased in VVS after Saline+PE loading but was similar to control after L-NMMA loading. HR response was similar for both groups and decreased with L-NMMA.
cO and tPr responses to lbnP
CO and TPR during LBNP are shown in figure 2 . CO decreased similarly with LBNP for control subjects and VVS subjects. The presence of L-NMMA decreased CO with LBNP similarly for both control and VVS.
TPR increased significantly with LBNP for control but decreased for VVS (p<0.0001). There were similar changes in TPR with LBNP for both groups after L-NMMA. Thus, TPR was impaired in VVS after Saline+PE but was similar to control after L-NMMA loading. Figure 3 shows the percentage changes in central, splanchnic, pelvic and calf regional blood volumes during LBNP with Saline+PE and L-NMMA. There were no significant differences in regional blood volumes which also appeared little affected by L-NMMA. Pelvic and calf blood volumes increased for control and VVS as expected during LBNP. The decreases did not differ between groups suggesting that venous capacitance and microvascular filtration were similar in both cases.
changes in regional blood volumes during lbnP

Forearm vascular resistance, splanchnic blood flow and splanchnic vascular resistance responses to lbnP
Forearm vascular resistance (R forearm ), splanchnic blood flow (F sp lanchnic ) and splanchnic arterial resistance (R splanchnic ) during LBNP are shown in figure 4. R forearm was not different for VVS and control during LBNP although it was increased compared with Saline+PE after L-NMMA.
F splanchnic was similar for VVS and control subjects during LBNP under Saline+PE and L-NMMA conditions. R splanchnic in VVS patients decreased with LBNP during Saline+PE studies and was significantly different from results in controls in whom R splanchnic increased (p<0.01). Thus, splanchnic but not forearm vascular resistance was decreased compared with control in VVS during LBNP following Saline+PE; splanchnic vascular resistance was corrected (ie, not different from control) following L-NMMA.
dIscussIOn
The results of this study in young adults indicate that there is impaired arterial vasoconstriction in recurrent VVS patients compared with healthy volunteers resulting in reduced TPR and reduced BP during an imposed orthostatic challenge (LBNP). Tolerance for LBNP is greatly reduced in VVS patients compared with control subjects. Vasoconstrictive impairment and orthostatic tolerance is corrected following NOS inhibition using L-NMMA. Stated simply, there is impaired 
Arrhythmias and sudden death splanchnic vasoconstriction in VVS that is restored by NOS inhibition.
Arterial vasoconstriction is most impaired in the splanchnic vasculature and is corrected following L-NMMA. In contrast, forearm vasoconstriction is unimpaired in VVS patients and somewhat increased by L-NMMA.
We focused on whether LBNP had an effect on group differences; whether the response slopes differed as pressure was successively reduced. We were not concerned with differences at each pressure or in identifying the pressure at which the departure became significant.
Our observations receive support from findings of NO contributions to potentiated splanchnic hyporeactivity, 23 impaired cardiovagal baroreflex 24 and abnormal cerebral autoregulation 25 which occur during the pre-syncopal phase of VVS.
In previous work 15 we showed that post-synaptic adrenergic vasoconstriction was impaired in VVS. We wondered whether pre-synaptic adrenergic vasoconstriction was likewise compromised. This question could not be directly answered since sympathetic transduction at the synapse depends on both pre-and post-synaptic aspects and post-synaptic adrenergic vasoconstriction is compromised. Using a heuristic approach, and knowing TPR in VVS subjects with and without PE in the absence and presence of L-NMMA, our calculations suggest that VVS presynaptic adrenergic function is also impaired.
nO blunts adrenergic neurotransmission
NO is a gasotransmitter with pleiotropic effects and ubiquitous distribution. Three separate NOS isoforms are recognised: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS). nNOS and eNOS are constitutively expressed and depend on calcium-calmodulin. 26 So-called 'nitrergic' or 'nitroxidergic' nerves containing nNOS proliferate within the gastrointestinal tract, distribute with the parasympathetic nervous system and are often found close to adrenergic synapses of vascular smooth muscle. 27 Nitrergic NO can act at pre-and post-synaptic sites to reduce sympathetic transduction at vascular smooth muscle. 28 Effects are largest in the splanchnic vasculature 29 and in the kidney 30 where nitrergic nerve density is greatest. Effects are potentiated during sympathetic activation.
Splanchnic vasodilation occurs in real or simulated microgravity (bed rest in man, hindlimb suspension in rats) and associates with orthostatic intolerance, adrenergic hyporeactivity 31 32 Figure 1 Mean arterial pressure (MAP) is shown in upper panels and heart rate (HR) is shown in lower panels during lower body negative pressure (LBNP) for control subjects (solid lines) and vasovagal syncope (VVS) subjects (dashed lines). Saline and low dose phenylephrine (PE) were infused to simulate the fluid volume and maintained (left panels) to assure that heart rate (HR) and mean arterial pressure (MAP) were similar to HR and MAP in each subject after loading N G -monomethyl-L-arginine (L-NMMA) (right panels). This is depicted as Saline+PE and is shown for control subjects who received saline and phenylephrine (C-PE), control subjects who received L-NMMA (C+LNMMA), patients with VVS who received saline and phenylephrine (VVS-PE) and patients with VVS who received L-NMMA (VVS+LNMMA). Following that, increasingly negative LBNP was applied. p<0.001 represents a significant difference in the group by pressure interaction effect.
and enhanced production of NO via increased transcription of NOS isoforms. 33 34 Increased NO has been reported in postural tachycardia syndrome and VVS, [35] [36] [37] but results are controversial due to methodological issues. 36 Nevertheless, nitrergic NO modulation of adrenergic vasoconstriction causes splanchnic vasodilation. Our data suggest that vasovagal syncope patients have increased production of NO within the splanchnic circulation resulting in a post-synaptic defect in adrenergic vasoconstriction, and likely an additional pre-synaptic defect. The defect has been shown to be present during LBNP, a form of orthostatic stress, leading to a blunted response to sympathetic stimulation and decreased orthostatic tolerance. We were unable to measure epinephrine release in this study for technical reasons. NO may have a role in epinephrine release in humans as it does in animals. 38 While L-NMMA may have blunted epinephrine release, neurotransmitters were not measured in this study. Further information may be revealed in future studies that include measurements of these parameters.
Our heuristic approach suggests that pre-synaptic defects in addition to post-synaptic defects in adrenergic vasoconstriction are present. Pre-synaptic deficits could include reduction of central sympathetic activation and ganglionic transmission leading to reduced sympathetic nerve activity, reduced norepinephrine release, or impaired synthesis of norepinephrine. Post-synaptic effects could include decreased numbers of adrenergic receptors; however, this is unlikely given the fairly rapid normalising effects of L-NMMA. Post-synaptic effects could also include interference with adrenergic binding and with vascular smooth muscle transduction which are likely candidates for NO-induced downregulation. These potential mechanisms cannot be distinguished based on current data.
Our results, obtained in young adults, may differ from results in older adults. For example, in females the first peak of VVS occurs at 15-24 years, with another peak occurring after age 40. 1 The mechanisms of VVS at various ages are unclear, but increased incidence with age has been attributed to the use of vasoactive medications, decreased vascular compliance, diminished cardiac function, physical deconditioning and poorer health. Therefore, our findings of impaired adrenergic vasoconstriction in VVS under conditions of orthostatic stress, which can be corrected by NOS inhibition, may be unique to young adults.
Figure 2
Cardiac output (CO), upper panels, and total peripheral resistance (TPR), lower panels, during lower body negative pressure (LBNP) for control subjects (solid lines) and vasovagal syncope (VVS) subjects (dashed lines). Saline and low dose phenylephrine (PE) were infused to simulate the fluid volume and maintained (left panels) to assure that heart rate (HR) and mean arterial pressure (MAP) were similar to HR and MAP in each subject after loading N G -monomethyl-L-arginine (L-NMMA) (right panels). This is depicted as Saline+PE and is shown for control subjects (C-PE), control subjects who received L-NMMA (C+LNMMA), patients with VVS who received saline and PE (VVS-PE) and patients with VVS who received L-NMMA (VVS+LNMMA). Following that, increasingly negative LBNP was applied. p<0.0001 represents a significant difference in the group by pressure interaction effect.
limitations
Certain features of the study may be underpowered giving rise to type I errors in light of multiple outcomes in addition to multiple testing for each outcome. Thus, replication of these experiments is necessary to determine the robustness of our results and the use of a larger sample size would help verify the stability of our significant results. In addition, replication of these results with larger samples may also inform on additional significant differences currently deemed non-significant.
Use of LBNP is not precisely equivalent to upright posture but it is accepted as a satisfactory approximation for study. Figure 3 Change (%) in regional blood volumes. From top to bottom these are central (thoracic) blood volume, splanchnic blood volume, pelvic blood volume and calf blood volume. Control subjects (C) are shown as solid lines and vasovagal syncope (VVS) subjects are shown as dashed lines. Saline and low dose phenylephrine (PE) were infused to simulate the fluid volume and maintained (left panels) to assure that heart rate (HR) and mean arterial pressure (MAP) were similar to HR and MAP in each subject after loading N G -monomethyl-L-arginine (L-NMMA) (right panels). There were no statistically significant differences between control and VVS patients either with Saline+PE or L-NMMA.
The findings of this study may not be applicable across all age groups. Sex differences and menstrual phase were not distinguished. There were insufficient subjects for this purpose. However, no obvious difference in sympathetic nerve activity or vasoconstrictive ability by sex or menstrual phase has been found in prior investigations, although total blood volume and reduced BP occur in young women. 39 40 Available evidence suggests that L-NMMA does not cross the blood-brain barrier in humans; thus, direct effects on the brain have been discounted in this study. 41 Use of impedance methods carries limitations in measurement of vascular resistance but we have not found a better method at this point. Our past work 8 validated impedance estimates of splanchnic blood flow against more invasive indocyanine green methods. Direct measurement of splanchnic pressures would remove remaining speculation, but this is challenging in humans as it requires invasive instrumentation which raises difficult ethical issues in volunteers and vasovagal subjects.
conclusions
Our data demonstrate that impaired splanchnic adrenergic vasoconstriction in young patients with VVS, the most common form of syncope, accounts for orthostatic intolerance which can be , shown in the middle panels, was also similar for VVS and control subjects during LBNP under Saline+PE and L-NMMA conditions. In contrast splanchnic arterial resistance (R splanchnic ) decreased with LBNP during Saline+PE studies in VVS patients and was significantly different from results in controls in whom R splanchnic increased. p<0.01 represents a significant difference in the group by pressure interaction effect.
